Hydrographic surveys along the Mid-Atlantic Ridge (MAR) between 12°N and 26°N, canied out from 1984 to 1990, show a variable pattern of CH4-rich water column plumes. The vertical distribution of CH4 at stations located every 20-40 km is presented along this 1200-km-long section of the MAR. CH4 venting is clearly demonstrated. CH4-enriched fluids rise from vents as plumes; spreading is confined to the axial valley due to the topography of the MAR. CH4 contents from 45 nmol to 675 nmol/kg are measured in the buoyant plumes above the two active hydrothermal sites (MARK 23°N; TAG 26°N) known at present, whereas CH4 anomalies up to 3.6 nmol/kg are typically observed in plumes emitted either on the inner floor, on the walls, and/or at the top of the rift mountains along the studied ridge section. CH4 concentrations (45 nmol to 144 |jmol/kg) in MARK and TAG vent fluids are of the same order of magnitude as those found in the East Pacific Rise fluids. Even though CH4 is known to be unstable with respect to oxidation by dissolved oxygen, and in spite of its microbial oxidation in plumes, these results confirm CH4 to be a good indicator to track hydrothermal plumes and to map the variation of hydrothermal activity along mid oceanic ridges. Moreover, between 12° and 26°N along the MAR, CH4 results show that while hydrothermal activity is present everywhere along the ridge, it is predominant near fracture zones (FZ) (Kane FZ, 15°20'N FZ). Comparison of CH4 tracer with total dissolvable manganese (TDM) tracer in plumes allows us to differentiate subseafloor hydrothermal processes. The high TDM/CH4 found above TAG and MARK areas is indicative of basaltseawater interaction, while at 15°N the low TDM/CH4 provides evidence of fluid circulation in ultrabasic rocks. CH4 data confirm the association between mantle degassing, hydrothermal activity, and serpentinization along this 12°-26°N section of the Mid-Atlantic Ridge.
INTRODUCTION
Submarine hydrothermal springs are now known to be a common phenomenon along different tectonic structures. Hightemperature (>350°C) fluids issuing from these vents illustrate the effectiveness of heat and mass transfer processes associated with magmatism and subseafloor convective circulation in different geodynamical environments: fast spreading ridges such as the East Pacific Rise (EPR) [Grimaud et al., 1991] and Lau [Fouquet et al., 1990 , 1991a ,Charlou et al., 1991b basins. Recent investigations in back arc basins and hot spot volcanoes have noted that such systems differ significantly from the better studied mid-ocean ridge hydrothermal systems [Horibe et al., 1983; Craig et al., 1987a,b; Fouquet et al., 1991 a,b] . So, black smoker venting is now clearly demonstrated not to be restricted to moderate and fast spreading ridge segments Baker et al., 1987a] , These springs occur over a wide range of spreading rates and are important carriers of heat and chemical species from the newly formed lithosphere into the oceans. The hydrothermal fluids injected into the ocean in the axial zone of ocean ridges are highly enriched in metallic elements Michard et al., 1984; Von Damm et al, 1985a,b\ Von Damm and Bischoff, 1987] , and in the gases helium, methane, and hydrogen The near-field buoyant plumes originating from mixtures of high-temperature hydrothermal fluids and ambient seawater, rise to 200-400 m above the seafloor on the EPR [Charlou et al., 1991a] anomalies is generally short due to rapid mixing. As a consequence, some tracers are only sensitive to dilution, but others are also sensitive to either oxidation, precipitation, or bacterial activity. Helium is the best stable conservative tracer for an extensive study of deep ocean mixing and circulation. Radon-222 used in conjunction with 3He can be used potentially to provide a clock to quantify the age of a dispersing hydrothermal plume and calculate the removal rates of other non conservative tracers such as CH4, H2, Mn, and particles [Kadko et al., 1990] , Microbial CH4 oxidation rates in buoyant and lateral plumes have been determined for a variety of hydrothermal environments [de Angelis, 1988; de Angelis et al., 1990], and prove CH4 not to be a conservative tracer. Although CH4 is thermodynamically unstable with respect to oxidation by dissolved oxygen [Ward et al., 1987 [Ward et al., , 1989 ] and in spite of its microbial oxidation in plumes, excess CH4 in the seawater column produced by continuous venting persists for a sufficiently long time to be used as a guide for the exploration of new hydrothermal areas. So, CH4 has proved to be a good indicator when tracking and mapping submarine hydrothermal activities in different oceans [Kim, 1983 , and on the R/V Atlantis II with DSV Alvin in 1990 are presented in this report. These cruises were devoted to the study of hydrothermal processes at the ridge axis. The scientific objectives were to identify the frequency of hydrothermal plumes and to delineate the hydrothermal plumes and venting sources on the seafloor between 12° and 26°N along the Mid-Atlantic Ridge (MAR) with particular attention to TAG (26°N), MARK (23°N), and 15°N areas where specific surveys were conducted to characterize the hydrothermal plume signatures. The station locations are presented in Figure 1 and Table 1 .
SAMPLING AND METHODS
Deep seawater was collected in 8-L Niskin-type bottles mounted on a rosette in association with Neil Brown or Seabird conductivity-temperature-depth (CTD) sensors. Samples for CH4 analyses were rapidly drawn by gravity into 125-mL glass bulbs fitted with teflon vacuum valves at either end. The bulbs were filled from below and allowed to overflow vertically to about one third of their volume in order to avoid trapping air bubbles. Samples were either stored at +4°C until analyzed on board, within 4 hours after sampling to ensure efficient recovery of the dissolved methane, or poisoned with mercuric chloride or sodium azide for on shore analysis in our laboratory at IFREMER in Brest, within 2 months after sea operations. Aboard ship, CH4 equipment was set up in a portable clean air-conditioned van, permitting CH4 analysis every 15 min, 24 hours a day. The trapping method [Swinnerton and Linnenbom, 1967; Scranton and Brewer, 1977; Lilley et al., 1983] (which allowed us to work on smaller volumes (100-250 mL)) was chosen in this study. Dissolved gases were stripped from the seawater and were concentrated at -80°C on two 3/16 inch o.d. stainless steel traps which contained activated alumina for trapping C2-C4 hydrocarbons and activated charcoal for trapping CH4 and CO, respectively. For this study, only CH4 was analyzed. By raising the trap temperature, the CH4 was desorbed from activated charcoal and injected into the chromatographic column placed in the 100°C heated oven of a DELSI Instrument chromatograph equipped with a flame ionization detector. Peaks were recorded and integrated on an ICR 1 B Shimadzu integrator. For calibration of the gas chromatograph, Air Liquide/Alfagaz CH4 standards (2 ppmv +1-2% and 10 ppmv +1-2% in pure helium) were injected through calibrated loops to the detector at appropriate time intervals. Known amounts of CH 4 injected into the stripping/trapping line, following the same steps as those used in water sample analysis permitted a good standardization. Blanks were measured between samples. A 3% standard deviation was obtained for 2 nmol/kg surface samples. The limit of detection was 0.02 nmol CH4 per kilogram of seawater. Taking into account the precision of the calibration, blanks correction, and reproducibility, the precision was +/-3% within a CH4 concentration range of 0.22-18 nmol/kg.
CH 4 ANOMALIES IN DEEP WATER AT SPREADING AXES
In oceanic regions unaffected by hydrothermal inputs, deep waters are CH4 undersaturated due to in situ consumption [Scranton and Brewer, 1978] 
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CH4 (nmol/kg) , excess of dissolved Mn Charlou et al, 1991c) ], nephelometry anomalies [Nelsen et al., /87, 1988 , and particulate iron and suspended matter [Trefry et al, 1985; Trocine and Trefry, 1988] . Specifically, three plumes were tentatively identified in this area: the one associated with the known source ], a southern plume, and a smaller, less well documented one believed to have its origin on the rift valley's east wall [Nelsen and Forde, 1991] .
MARK Site (Snakepit, 23° N) (Figure 3)
The MARK (or Snakepit) site at 23°22.08'N-44°57.00'W is the second major high temperature hydrothermal arca discovered to date on the Mid-Atlantic Ridge; It is located in the median valley about 25 km south of the Kane Fracture Zone (Figure 3) . The fluids collected at Snakepit by the DSV Alvin in January 1990 also showed mineral composition and temperatures not significantly different from those of the 1986 expedition ]. The CH4 end-member calculated in high temperature (337°-352°C) vent (Table 2c ) samples showed values of 46 to 49 nmol/kg. We confirmed the mineral composition previously found during the French Hydrosnake cruise in 1988 [Donval et al, 1989 ], A complete gas extraction was performed on board. Total condensable gas was extracted and collected in copper tubes, before He and CH4 analysis on shore. CH4 and TAG and MARK samples were collected differently from those in 1988 using glass bulbs, and CH4 was analyzed by the stripping/trapping method on shore. CH4 extracted from the samples was calculated to be more than 95% recovery. Even if we allowed for a possible loss of gas during the 1990 sampling, the concordance between the 1988 and 1990 CH4 data in the MARK samples indicates that in each case the gas sampling operation was well conducted and the loss of gas was considered negligible in calculations. We cannot affirm there is a CH4 decrease between 1988 and 1990 at the MARK site; however, CH4 concentration in the TAG fluids is surely 3 times higher than in the MARK fluids. CH4 concentrations found in Snakepit fluids are uniform and of the same order of magnitude as those found in the 21°N [Welhan and Craig, 1979, 1983] associated with low total dissolved Mn concentration (TDM < 1 nmol/kg) and no significant nephelometry signal [Charlou et al, 1991c] . In the rift valley, CH4 increases from near ambient values over the center of the rift valley to moderately higher values over the east wall (Figure 6 ). The maximum anomalies occur at water depths of between 2800 and 2900 m, consistent with a source in the east wall. A CTD tow ascending a dome (Figure 5 ) centered near the axis of the rift valley at 15 o 05'N-44°59'W, from the eastern margin (water depth of 3400 m) to the dome top (water depth of 2500 m) exhibited an abrupt increase in CH4 (up to 17.6 nmol/kg) associated with a small TDM anomaly (<1.5 nmol/kg) over the eastern margin and a broader increase in CH4 (up to 6.7 nmol/kg) over the center. Relatively high CH4 concentrations and very low TDM concentrations are present in all samples collected between 5 and 50 m over the center of the dome. Suspended particulate matter measured by optical scattering in the water column (nephelometry) and by filtering water samples remained near background levels (10 pg/L) at the stations sampled in the rift valley and over the dome [Charlou et al, 1991c; Rona et al., 1992] . The 15°N plumes rising from the mount at 2500 and 2950 m exhibit large enrichment of CH4 with lesser TDM enrichment. Charlou et al., 1987] , (b) CH4 depth profile at a control station in the Pacific Ocean [after Charlou et al., 1991a] , (c) Hydrothermal CH4 plume observed in the 300 iii layer above the seafloor at 13°N on the East Pacific Rise [after Charlou et al, 1991i] ; a biological peak is observed in the 500-700 m layer in this denitrification area (J.L. Charlou personal communication,1990) . (d) CH4 plume in the Marianna back arc spreading center [after Horibe et al" 1986] , (e) MAR CH4 anomalies observed in a 1-km-high layer above the seafloor (Ridelente cruise stations 05, 06, 08, 14, 22, 23, 24, 27, (this woric) ). if) intense CH4 degassing on the top of rift mountains around 2500m depth) and regular increase to the seafloor (station RD-HY-10 of the Ridelente cruise, (this work)), (g) Profile showing two clearly defined CH4 plumes (stations RD-HY-07, 11 of the Ridelente cruise, (this work)], (h) CH4 degassing from the walls of the ridge axis (stations 13, 16, 18, 19 , and 20 of the Ridelente cruise). Fig. 10 . Evidence of different hydrothermal processes from TDM/CH4 and Nephel/CH4 ratios at TAG (26°N) and 15°N area [Charlou et al., 1991c; Rona et al., 1992] , Nephels measurements are from T. Nelsen (NOAAMiami) and TDM measurements are from P. Appriou (University of Brest, France). These data were obtained during NOAA MAR/88 cruise (1988). hydrocarbon generation by hydrogenation. The reduction of CO2 through the Fischer-Tropsch synthesis produces CH4 and unsaturated hydrocarbons. In conclusion, conditions under which CH4 can be produced occur where there are adequate supplies of carbon and a suitable reductant (such as H2, Fe 2+ or Fe°). These reduced gas occurrences are closely associated with maficultramafic rocks. The presence of H2-CH4 gas seeps in serpentinized mafic-ultramafic rocks suggests a possible correlation between reduced gas formation and serpentinization. Magnetite, serpentine, brucite, and H2 gas are produced during serpentinization of olivine [Abrajano et al., 1988] . Mantle carbon in mafic-ultramafic rocks can take the form of solid phases (graphite) or fluid species (e.g. CO2, CO, CH4) trapped as fluid inclusions. The graphite crystals recovered in the vicinity of hydrothermal vents at 13°N on the EPR were formed during serpentinization by reaction of CO and/or CO2 [Jedwab and Boulegue, 1984] , and graphite was also identified in partly serpentinized Zambales ultramafic rocks [Abrajano etal., 1988] .
Hydrothermal Activity, Serpentinization, Mantle Degassing Between 12 0 and 26°N on the MAR CH4 profiles between 12° and 26°N show that hydrothermal activity is present everywhere along this section of the MAR, is variable in intensity and not randomly distributed, and is at a maximum near the fracture zones (Kane FZ, eastern and western 15°N FZ/ridge axis intersections), where the permeability favors downwelling of seawater and serpentinization of ultramafic rocks (Figure 9 ). At 15°05'N, the CH4 maximum due to hydrothermal activity is correlated with the occurrence of serpentinized ultramafic rocks on structures located within the axial domain of the rift valley (Figure 11 ). This observation suggests that seawater and fluids reach the crust/mantle interface. Ultramafic rocks are serpentinized and reach the surface. The density of this layer is lowered by hydration, and serpentinized ultrabasics bodies are uplifted as diapirs (clearly mapped at 15°05'N) controlled by the tectonic structure [Bougault et al., 1990a,b, this issue] . These diapirs form dome-shaped features in the rift valley and adjacent fracture zone. CH4 anomalies observed in surrounding plumes show that hydrothermal discharges appear to be preferentially distributed around and on the seafloor domes. The upwelling hydrothermal circulation follows crust-penetrating faults that may have controlled the diapiric ascent of the serpentinites and that continue degassing magma and/or mantle [Rona etal., 1987] 
SUMMARY AND CONCLUSIONS
In spite of its nonconservative property, CH4 is a good tracer of hydrothermal activity along mid-oceanic ridges. CH4 plumes obtained every 20-40 km between 12° and 26°N on the MAR show a variability in shape and intensity. The morphology of the ridge axis has a strong influence on the geometry of the observed CH4 plumes. These CH4 plumes have maxima above the two vent fields (TAG and MARK) known at the present time. The shape of CH4 profiles clearly shows the water depth of sources, with CH4 degassing in the inner floor near the bottom, on the rift axis walls and on the top of the rift mountains.
In addition, the qualitative relationships between CH4 and other chemical tracers (i.e., TDM/CH4) contribute to determination of the distribution, type, and chemical composition of vents along a spreading ridge segment and may provide information on the subseafloor processes involved in mantle structure and mechanisms which form the ridges. CH4 and TDM data obtained along the MAR show that different TDM/CH4 ratios are found on the MAR (i.e., TAG and 15°05'N area). These different ratios obtained between two nonconservative tracers provide a useful framework for identifying and differentiating subseafloor processes along mid-oceanic ridges. The high TDM/CH4 ratio found above TAG and MARK areas is indicative of basalt-seawater interaction, while at 15°05N the low TDM/CH4 ratio provides evidence of fluid circulation in ultramafic rocks.
CH4 profiles between 12° and 26°N show that hydrothermal activity is present everywhere along this section of the MAR, is variable in intensity, not randomly distributed, and is maximum near the fractures zones. Enhanced permeability at the intersections of the rift valley with the fracture zones favors downnwelling of seawater and serpentinization of lower crustal and upper mantle ultramafic rocks. CH4 investigations reveal and confirm the association between hydrothermal activity, serpentinization, diapirism and mantle degassing along the MidAtlantic Ridge.
